Representative compounds from three classes of microporous solids, namely metal-organic frameworks (MOFs), hybrid ultramicroporous materials (HUMs) and porous-organic polymers (POPs), were investigated for their nitric oxide gas uptake and release behavior. Low pressure sorption studies indicated strong chemisorption of NO on the free amine groups decorating the MOF UiO-66-NH 2 when compared to its non-amine functionalized parent. The HUMs demonstrated reversible physisorption within the low pressure regime but interestingly in one case there was evidence for chemisorption following pressurization with NO at 10 bar. Significant release of chemisorbed NO from the UiO-66-NH 2 and one of the HUMs was triggered by addition of acid to the medium, a pH change from 7.4 to 5.4 being sufficient to trigger NO release. An imidazole-based POP exhibited chemisorption of NO at high pressure wherein the ring basicity facilitated both NO uptake and spontaneous release upon contact with the aqueous release medium.
Introduction
Nitric oxide (NO) is a mediator of numerous biological processes which are fundamental to the regulation of the nervous, immune and cardiovascular systems. NO is released by the action of nitric oxide synthase enzymes on L-arginine. 1 As a key endogenously excreted signaling molecule, disruption to its synthesis or bioavailability is believed to underpin a range of cardiovascular diseases, and its implications in pulmonary arterial hypertension (PAH) are under active investigations. [2] [3] As such, it is a target for pharmacological strategies that aim to replace or mimic the biological effects of nitric oxide as a treatment for diseases where NO impairment is a feature. 4 Towards this goal, materials capable of the targeted delivery of NO at controllable rates and quantities, with appropriate modes of triggered release are of great potential therapeutic value. 5 Moreover, due to the narrow therapeutic range as an inhaled therapy and the potential toxic effects of NO gas, its administration is generally restricted to clinical environments via the use of pressurized containers. Materials capable of storing and delivering therapeutic dosages of NO, that are both safe for transportation and require minimal precautions, are therefore of great potential clinical and commercial value. Examples of NO carriers currently investigated include NONOates, [6] [7] [8] [9] metal-exchanged zeolites, 10 and metal-organic frameworks (MOFs) 11 amongst others. [12] [13] [14] [15] NONOates were among the first compounds to be studied for potential NO delivery, [6] [7] [8] [9] and are molecular species capable of releasing chemically bound NO upon contact with water. Alternatively, microporous solid sorbents such as zeolites and MOFs 16 enable NO to be physisorbed or chemically fixed to the walls of the material. Some classes of microporous solids are of particular promise as they can be fine-tuned in order to optimize host-guest interactions. 17 It is therefore unsurprising that MOFs with high surface area, intricate pore systems, and facile decoration by several chemical functionalities [18] [19] [20] have been examined for their potential in NO sorption. [21] [22] [23] Another class of physisorbent materials is hybrid ultramicroporous materials (HUMs), which combine two features thought to enhance sorbent-sorbate interactions: strong electrostatics in the form of inorganic anions with electronegative atoms; ultramicropores (<0.7 nm) that provide a tailored fit for important sorbates. HUMs exhibit exceptional molecular recognition capabilities for certain gas molecules 17, [24] [25] [26] [27] [28] but are yet to be studied in the context of NO. Covalent porous-organic polymers (POPs) [29] [30] are also candidates for NO uptake and release due to the wide spectrum of chemical functionalities that can be incorporated.
31-34
Herein, we present a comparative study with archetypal MOFs, HUMs, and POPs to investigate structure-function relationships in the context of NO sorption and release (Fig. 1) . The low pressure (0 -1 atm) sorption properties of representative MOFs, HUMs, and POPs were measured along with their NO release in phosphate buffer saline (PBS) after NO loading at 10 bar. The compounds investigated include the prototypical (UiO-66) 35 and its amine-functionalized analog (UiO-66-NH 2 ), 18 three recently reported TIFSIX HUMs, 17 and an imidazole-based POP reported here for the first time. UiO-66-NH 2 was selected due to its high surface area, the presence of amine functionality capable of forming N-diazeniumdiolates with NO, and in contrast to many MOFs, its enhanced water stability. [36] [37] The three HUMs represent an opportunity to explore the relative significance of NO-metal ion coordination versus potential strong physical interactions within the pores of the solids. Finally, the POP studied herein is a microporous solid wherein imidazole rings constitute an integral part of the framework, potentially leading to chemisorption of NO. Our investigation of the NO release profiles begin at neutral pH (PBS), before acid is added in a later stage of the release, allowing determination of acid-triggered release of NO, low pH having been reported to facilitate NO release from NONOates.
Results and Discussion
Established protocols for the synthesis and activation of Zrcarboxylate (UiO-66 and UiO-66-NH 2 ) MOFs were adopted. 38 Similarly, for synthesis of the three HUMs (TIFSIX-2-Cu-i, TIFSIX-4-Cu-i, and TIFSIX-3-Ni), previously published procedures were followed. 17, 39 The imidazole-POP was synthesized through the Sonogashira-Hagihara cross coupling reaction, 40 followed by guest exchange as described in the experimental section. The as-synthesized compounds were characterized using Fouriertransform infrared spectroscopy (FTIR), X-ray powder diffraction (PXRD) and N 2 or CO 2 sorption isotherms.
FTIR Spectroscopy
FTIR spectra were recorded for the studied compounds before, Fig.2a , and after NO loading at 10 bar, Fig. 2b (Fig. S1-S5 for more details). The distinct changes in FTIR spectra between the activated compounds and after loading with NO are discussed below. Upon loading UiO-66-NH 2 with NO, two new peaks at 1294 and 1710 cm -1 appear, which can be assigned to reaction of the primary amine with two equivalents of NO to form the Ndiazeniumdiolate species. 21 Additionally, a peak at 1429 cm -1 , attributed to a v C-NH2 stretching mode coupled with v C-C ring modes, 41 disappeared upon loading with NO, further supporting that reaction of NO with the amine had occurred. For the HUMs, it is postulated that binding of the NO will occur through a phase
change whereupon an open metal site is generated. 42 Generally, the coordination of NO to a transition metal will manifest itself in a stretching peak in the range of 1500-1900 cm -1 , depending on the metal involved and the linear or bent coordination mode of the NO molecule. 43 TIFSIX-2-Cu-i and TIFSIX-4-Cu-i both demonstrated similar changes in their FTIR spectra upon loading with NO, which is unsurprising given that they are isostructural and only vary in the ligand present. Fig. 2 . That the desired POP has been prepared is supported by a detectable change in the ν C≡C stretching frequency from 2108 cm -1 in triethynylbenzene to 2174 cm -1 in the imidazole-POP, indicating a terminal to internal alkyne transformation. Moreover, the transformation into internal alkyne was confirmed by the strong attenuation to the terminal alkyne ν C-H stretching frequency, where a strong peak was observed at 3274 cm -1 in the starting triethynylbenzene. A sharp, strong absorption peak observed at 3650 cm -1 in the imidazole-POP can potentially be ascribed to non-hydrogen bonded N-H stretching, expected for relatively displaced segments of the backbone in the microporous POP. After loading with NO (loading at 10 bar followed by pressure release to atmospheric pressure), dramatic changes to the FTIR spectrum were observed. A noticeable strong absorption at 1421 cm -1 was recorded and is in good agreement with that previously assigned to the -N=N-O group, 21 indicating immobilization of NO as N-diazeniumdiolate. Additionally, a broad peak was observed at 3500 cm -1 , and can be ascribed to hydrogen-bonded N-H stretching, potentially from the imidazole-Ndiazeniumdiolate species.
Gas sorption isotherms
For UiO-66-NH 2 and imidazole-POP, it was difficult to fully regenerate the activated solid after the first NO sorption isotherm was conducted, due to pronounced desorption hysteresis indicating trapping or chemisorption of NO (Fig. 3) . Notably, UiO-66-NH 2 demonstrated appreciable uptake of NO, with a steep rise at low pressures and noticeable desorption hysteresis. This is in contrast to the isotherm recorded for UiO-66, where a type-I isotherm was observed with minimal desorption hysteresis. This observation indicates chemisorption of the NO onto the amine functionalized MOF, and is in agreement with previous reports utilizing amine functionalized MOFs or those with open metal sites where NO can be anchored. The total uptake of NO by UiO-66-NH 2 at 760 torr was 160 cm 3 /g. Using a formula unit of ZrO 5 C 8 NH 5 for guest-free UiO-66-NH 2 , with a calculated molecular mass of 286.35 g/mol (giving rise to 3.5 mmol of the amine group per g of the material), and accordingly the calculated NO uptake assuming two NO molecules per amine functionality 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 was found to be 7 mmol/g. The adsorption isotherm of the UiO-66-NH 2 demonstrated an uptake of 7.1 mmol/g of NO, while upon conducting the desorption measurements the amount of trapped NO was 139 cm 3 /g, equivalent to 6.2 mmol/g. Therefore, it can be asserted that NO chemisorption has occurred in UiO-66-NH 2 with up to 2 NO molecules per amine group. The NO sorption isotherms for the three HUMs demonstrated type-I isotherms, indicating reversible physisorption of NO within the pores of the compound at the pressure range of 0 to 1 bar of NO. The NO sorption isotherms collected for the TIFSIX-2-Cu-i (as a representative to HUMs) enabled calculating the isosteric heat of adsorption (Qst, Fig. 4 ) to be considerably high and within a range of 37~35 kJ/mol. The linear shape of the Qst plot over the entire uptake range indicated fairly homogenous adsorption sites for NO inside the TIFSIX-2-Cu-i. The NO isotherm for the imidazole-POP demonstrated a noticeable desorption hysteresis, indicating chemisorption of NO by the POP. The amount of trapped NO within the pores of the POP, as calculated from the last desorption point, was 0.4 mmol/g or 1.2 wt%. Notably, neither the HUMs nor the imidazole-POP saturate with NO at 1 bar in contrast to UiO-66-NH 2 . Higher NO loadings are therefore attainable if the material is dosed at a higher NO pressure. The NO loading for the release study was conducted at 10 bar of NO in order to maximize the amount of NO that can be stored within the materials studied herein.
Other characterization techniques
The powder x-ray diffraction (PXRD) patterns for the three HUMs are provided in SI (Fig. S7-S11 ) and match those published previously. Similarly, the PXRD patterns for the two UiO-66 MOFs closely match those reported in the literature. Imidazole-POP was found to be amorphous, as commonly encountered in similar POPs. The composition of the imidazole-POP was therefore investigated using cross-polarization, magic angle spinning 13 C-solid state ( 13 C-CPMAS) NMR spectroscopy, Fig.5 . The 13 C-CPMAS-NMR spectrum of the imidazole-POP indicates the presence of internal alkyne, two peaks at 80 and 90 ppm. The two different chemical shift values are indicative of two distinct environments for the internal alkyne carbons, and were assigned for the sp carbon atoms connected to the imidazole ring (80 ppm) and on the tritopic triethynylbenzene (90 ppm). The aromatic region of the spectrum displayed a relatively sharp peak at 122.5 ppm, assigned to the quaternary sp 2 carbon of the benzene ring. The peaks at δ = 129.5 and 132 ppm were assigned to the quaternary and C-H atoms on the imidazole rings, respectively. The peak at 135.2 ppm was assigned to the sp 2 C-H carbon of the triethynylbenzene in the polymer.
Nitric oxide release
NO release experiments were conducted by suspending each of the solids (30 mg in 25 mL) in PBS at room temperature with stirring, and the concentration of the released NO was monitored using a NO-specific probe. The NO release profiles for the six compounds are shown in Fig. 6 , along with the solution pH, measured before and after the release experiments were concluded, Fig. 7 . Notably, most of the materials studied herein demonstrate rapid release within the first few minutes upon contact with PBS, corresponding to release of weakly adsorbed NO molecules. UiO-66 and UiO-66-NH 2 demonstrated similar release profiles within the first hour, signaling release of physisorbed NO inside both MOFs, Fig. 6a . After the rate of release decreased considerably, 0.1 mL of 1 M H 2 SO 4 was added to the suspension, upon which a rapid increase in the release of NO was recorded for UiO-66-NH 2 , while no detectable increase was observed for UiO-66. This observation demonstrates the role of the free amine functionality within UiO-66-NH 2 to achieve chemisorption of the NO molecules, potentially as N-diazeniumdiolates. As UiO-66 contains the same metal-carboxylate clusters as UiO-66-NH 2 , the observed enhancement in the total NO uptake (described in the NO sorption section) and the acid-triggered release observed only in the NH 2 variant can be attributed to the presence of the primary amine functionality. NO release from UiO-66-NH 2 continued at a consistent decay rate for about three hours after the acid-triggered release. The pH for the release solution was then measured after the experiment and demonstrated a drop from 7.4 for the PBS to 3, Fig. 7 , consistent with the high concentration of NO released into solution, where nitric acid is commonly produced as a decomposition product of water-dissolved NO. 48 It is to be noted that simple addition of the 0.1 mL sulfuric acid to the PBS release Fig. 7 . The NO release profile for the imidazole-POP is shown in Fig. 6b . The release profile reveals rapid release with moderate decay rate within the first hour, reaching 36 ppm of NO. In contrast to the release profile observed in the UiO-66 MOFs, the imidazole-POP initial release peaked at ~ 36 ppm of NO without the need for the acid triggered release, and decayed slowly over the course of 90 minutes. Subsequently, when acid was added, an additional NO release peak was observed, however, this corresponded to a lower quantity of NO when compared to UiO-66-NH 2 . This observation can be explained in light of the chemical nature of the imidazole ring, where NO can potentially be covalently anchored to the secondary amine functionality of the imidazole ring. Upon contact with water, it is feasible to assume protonation of the pyridine-like nitrogen of the imidazole ring (pKa 6.9), affecting the chemical stability of the imidazole-nitric oxide compound, and thus triggering the release of NO. In accordance, the observed slight enhancement of NO release upon addition of the acid can be explained in terms of facilitating further protonation of the imidazole rings, effectively releasing the rest of imidazole-bound NO. Indeed, the decrease in pH value of the release medium to pH = 6 upon commencement of the study indicated that the imidazole rings consumed most of the acid, affording displacement of the NO molecules chemisorbed on the POP. The NO release profiles for the three HUMs are presented in Fig. 6c-e . In the case of TIFSIX-2-Cu-i, rapid initial release within the first few minutes after mixing can be ascribed to physically adsorbed NO and is similar to that seen for the UiO-MOFs. The rapid decay observed for this initial release can be ascribed to the overall low volume of physisorbed NO within the tight pores of the compound. Interestingly, upon addition of the acid, a rapid increase of NO release was observed, reaching ~ 42 ppm, and decaying slowly over the course of 6 hours. As the material did not show high uptake in the low pressure NO sorption isotherm and demonstrated almost reversible behavior for NO uptake, the observed release Figure 7 . pH changes in the release media cannot be explained in terms of a physisorption. A possible explanation is that upon high pressure loading of NO, NO molecules are adsorbed within the material through coordination to Cu ions. A recent study utilized electron paramagnetic resonance (EPR) spectroscopy and demonstrated ligand displacement upon NO binding to Ni ions in two examples of MOFs. 49 One way to visualize this process is to assume displacement of the axial TIFSIX species that pillar the square grid structure of the Cu(4,4′-dipyridylacetylene) network, by Cu-coordinated NO molecules. The assumption of displacement of the TIFSIX rather than the pyridyl rings is reasonable considering the weak coordination of TIFSIX to the Cu(II) metal ions through the fluorine atoms and our observations in the context of water sorption. 45 Indeed, unit cell refinement from the PXRD pattern recorded for TIFSIX-2-Cu-i after loading at 10 bar with NO (see Fig. S6 ) indicated retention of tetragonal crystal system (I4/mmm, a= b= 13.674 Å, c = 21.275 Å), but significant change in the c cell parameter vs. TIFSIX-2-Cu-i (I4/mmm, a = b= 13.6955(5) Å, c = 8.1724(4) Å). The expansion along the c-axis, the axis parallel to the inorganic TiF 6 2-pillars, can be explained by assuming that Cu-NO coordination occurs forcing the square grid (sql) layers to separate in a clay-like fashion. Water molecules serve to cause such as effect in SIFSIX-3-Ni. 45 This phase change could explain the poorly crystalline PXRD observed, and contribute to the loss of intensity of the 110 and 200 peaks (2θ = 9.132°and 12.923°) in the PXRD of the NO-loaded TIFSIX-2-Cu-i (see SI for further details). The observed enhancement of NO release upon acid addition can then be explained as the result of decomposing the material by protonation of the pyridine-containing linkers, thus changing the overall coordination environment of the Cu ions and resulting in the loss of NO coordination. The pH of the release medium was found to be 3.4 which reflects the high concentration of NO released to the medium. When the precipitated solid was isolated from the release medium, dried, and analyzed through XRD, the obtained diffraction pattern did not resemble the starting material, but rather indicated an amorphous solid, supporting framework degradation. TIFSIX-4-Cu-i is isoreticular to TIFSIX-2-Cu-i but its square grid dimensions are expanded as a result of its expanded linker, 1,4-di(pyridine-4-yl)benzene vs. 4,4′-dipyridylacetylene. As a consequence of its chemical composition, the density of the Cu ions (the active binding sites for NO) within this HUM is lower than that in TIFSIX-2-Cu-i. The NO release profile shown in Fig.6d for TIFSIX-4-Cu-i demonstrated that the initial rapid release of NO was followed by additional NO release of up to 21 ppm after addition of the acid. This observation is in further agreement with the hypothesis that Cu-NO coordination contributes to the relatively large uptake and release of NO within the investigated HUMs. Interestingly, when NO release was investigated for TIFSIX-3-Ni, rapid release to a level of 21 ppm was observed, but adding acid had no noticeable effect in triggering further release of NO, Interestingly at a dose of 1 mg per 25 mL of the PBS release solution, the NONOate exhibited NO release reaching a maximum of 42 ppm within 30 minutes of contact with the release medium followed by rapid decay. The NO concentration within the release medium decayed almost to the background level within 4 hours. In comparison to the three most promising NO releasing solids described earlier, UiO-66-NH 2 / imidazole-POP/ TIFSIX-2-Cu-i the benefit of storing NO within microporous solids becomes evident: slow release of NO reaching almost the same initial release from the diethylamine NONOate, but the much larger acid-triggered release was not observed in case of the molecular NONOate. Our results, are compared to those found in the literature, as shown in Table 1 , and indicate that some of the materials investigated herein offer release profiles that afford up to 1.2 mmol of NO per gram of material over a period of up to seven hours. While the material investigated here demonstrated the second largest release of NO, after MOFs having open metal sites reported by Morris and co-workers, 23 our material demonstrated the acid-triggered response for NO release, in contrast to the spontaneous release upon contact with moisture commonly observed for some of the best NO storing MOFs. The release profiles are also of note as being the first to demonstrate acid-triggered release of NO in PBS, paving the way for controlled release of NO from microporous solids that are safe to transport and handle, either through acid trigger or other chemical/physical NO-release trigger.
Conclusion
Three different classes of microporous solids that exhibit a variety of building units, chemical functionality, pore systems, and available binding sites were investigated as potential candidates for efficient NO storage and release. Strong chemisorption of NO inside the highly porous, amine functionalized UiO-66-NH 2 can be ascribed to the presence of amine functionality, in contrast to the prototypal UiO-66. The HUMs family demonstrated metal ion-specific binding behavior of NO, wherein Cu ions exhibit better affinity for NO uptake than Ni ions. In addition, as the HUMs investigated herein did not show high uptake in the low pressure NO sorption study, and rather demonstrated almost reversible behavior for NO uptake up to ~ 1bar, the observed release cannot be explained in terms of physisorption. Rather, it is possible that high pressure loading of NO leads to chemisorption as coordination complexes, most likely through axial coordination displacing the pillaring TiF 6 anions. The imidazole-POP material demonstrated spontaneous release of NO upon contact with the release medium without acid to trigger the release. The systematic study of three different types of solids, MOFs, POPs and HUMs, presented herein demonstrates important structure-property relationships that may be applied to the tailored design of materials for the controlled delivery of NO.
Experimental Procedure:
All chemicals and reagents were of commercial grade used as received without further purification. For more detailed experimental conditions and procedure please see the SI. Loading with nitric oxide: The solids were placed in closed Eppendorf tubes with the caps punctured with a needle to allow for efficient gas exchange. Loading with nitric oxide was conducted in a stainless steel pressure reactor (BuchiGlasuster miniclave steel) fitted with Teflon insert and pressure gauge. The system was flushed with nitrogen then pressurized with 10 bar of NO (BOC, AK 35 bar Nitric Oxide N2.5) at room temperature for 12 hours. After the loading was complete, the NO pressure was released gradually in a fumehood; the reactor was then flushed with 10 bar of nitrogen briefly, then opened to air and the material transferred into a desiccator for the NO release study. Caution: NO is a toxic gas. All work with NO gas was conducted inside a properly ventilated fumehood. A BW GasAlert NO gas sensor for NO was also used to monitor the levels of NO during the experiment. Nitric oxide release study: The release study was conducted with an (inNOII) nitric oxide detection system (Innovative instruments, Inc.) equipped with (amiNO-700) electrodes in phosphate buffer saline (PBS, pH of 7.4) at room temperature. In a typical experiment, 30 mg of solid was suspended in 25 mL of the PBS buffer in falcon tubes with a magnetic stirrer. The exception was for diethylamine NONOate where only 1mg was added to 25 mL of PBS solution. The levels of NO released were monitored via the NO-specific electrodes (amiNO-700) where the electrodes were calibrated prior to use according to the manufacturer's specifications. Diethylamine NONOate sodium salt hydrate, was purchased from Sigma-Aldrich and used as received. 2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 
